The historical processes underlying high diversity in tropical biodiversity hotspots like the Western Ghats of Peninsular India remain poorly understood. We sampled bush frogs on 13 massifs across the Western Ghats Escarpment and examined the relative influence of Quaternary glaciations, ecological gradients and geological processes on the spatial patterns of lineage and clade diversification. The results reveal a large in situ radiation (more than 60 lineages), exhibiting geographical structure and clade-level endemism, with two deeply divergent sister clades, North and South, highlighting the biogeographic significance of an ancient valley, the Palghat Gap. A majority of the bush frog sister lineages were isolated on adjacent massifs, and signatures of range stasis provide support for the dominance of geological processes in allopatric speciation. In situ diversification events within the montane zones (more than 1800 m) of the two highest massifs suggest a role for climate-mediated forest-grassland persistence. Independent transitions along elevational gradients among sub-clades during the Miocene point to diversification along the elevational gradient. The study highlights the evolutionary significance of massifs in the Western Ghats with the high elevations acting as centres of lineage diversification and the low-and mid-elevations of the southern regions, with deeply divergent lineages, serving as museums.
Introduction
While the diversity of life on Earth is one of its most striking features, its origin and concentration in a few tropical areas across the world poses significant questions in evolution and ecology [1, 2] . Diversity in space can be viewed as the summation of clade-level patterns [3] and biogeographic processes in a region [4] . Hence, understanding the process of diversification within clades is critical for explaining patterns of diversity in space [5] . Mountain regions in the tropics provide unique opportunities to explore the causes and consequences of diversification [6] . These regions are considered as active centres of speciation and are regarded as species pumps [7, 8] . By contrast, lowland tropics are believed to facilitate the survival of older lineages and could act as museums [9] . The survival of older lineages and occurrence of recent lineages could result from different processes operating in the lowland and highland regions of tropical mountains [10] . However, the processes generating these patterns of diversification remain poorly studied [6, 11] . The contrasting processes acting within mountains can therefore provide critical insights towards understanding the drivers of diversification.
No single hypothesis can fully explain complex diversification patterns within clades in mountain regions, and therefore, it is necessary to examine the relative significance of different processes [12] . Here, we test three broad models of diversification (figure 1; electronic supplementary material, table S1). According to palaeoclimate-based models or the 'refuge model', the isolation of populations during dry glacial periods in forest refuge areas is hypothesized to have led to vicariance and speciation; for example, it is suggested that the repetition of this process over different periods resulted in high diversity in the Amazon tropics [13] . This model can be applied to the montane islands of the southern Western Ghats, where there is strong evidence for the effects of climatic oscillations corresponding to glacial-inter-glacial cycles on the dynamics and maintenance of forests and grasslands at higher elevations (more than 1800 m) [14] , resulting in in situ diversification within these montane islands (figure 1). In a modified version of this model, the dispersal-vicariance hypothesis for montane taxa [15] , lineages could have expanded their ranges downwards during cold glacial periods, followed by subsequent retreat and isolation of lineages in adjoining mountains during dry inter-glacial periods [16] . This model predicts the presence of sister lineages on adjoining mountains and associated evidence of range shifts with palaeoclimatic changes (figure 1).
Ecology-based models suggest that divergent selection across ecological gradients provide strong mechanisms for divergence rather than a history of isolation [6, 17] . The climatic zonation of tropical mountains provides opportunities for parapatric (ecological) speciation along elevational gradients [18] . The Western Ghats contains massifs up to 2600 m, with distinct vegetation communities [19] , which provide potential gradients for diversification. This model predicts that sister lineages would occur along these gradients (figure 1).
In contrast with the refuge-and ecology-based models of diversification, geography-based models invoke the Earth's processes as causal agents [3, 10] . For example, species could diversify when rapid elevational changes associated with mountain uplift lead to passive transport of populations resulting in vicariance of lowland and montane populations [6, 11] . In the Western Ghats, valleys of differing depths separate the massifs from one other and their formation is likely to have fragmented ancestral lineages resulting in geographical isolation and allopatric speciation (figure 1). Recent studies lend support for the significance of valleys in causing lineage divergence [20] , but their role in large-scale diversification patterns in clades remains unknown.
Our present understanding of patterns of diversification and associated processes derives primarily from research on mountain systems in the Neotropics [11] , Afrotropics [21] , Malagasy [22] and Australia [23] . However, differences in palaeoclimatic and geological history across regions can result in unique patterns and processes of diversification [24] .
The Western Ghats Escarpment is part of Peninsular India, the largest and the oldest region of differentiation of fauna and flora in India [25] . This region has gone through a long period of insularity during its northward drift towards Asia from Africa [26] . There is growing evidence that a number of Gondwana relicts are distributed in the Western Ghats and Sri Lanka [27] with considerable endemism among disparate taxa [25, [28] [29] [30] . However, these high levels of endemism and diversity remain unexplained.
Recently, we uncovered a large number of new lineages of bush frogs (Genus Raorchestes, Family: Rhacophoridae) from this Escarpment [31] . These bush frogs are endemic to the Escarpment and their high diversity makes them good models to test multiple hypotheses of diversification. In this study, using a well-resolved and dated phylogeny of bush frogs (Raorchestes) from the Western Ghats and comprehensive distribution data, we examined the relative roles of Quaternary glaciations, ecological gradients and geological processes (e.g. formation of geographical barriers) in diversification at different spatial scales.
Material and methods (a) Sampling bush frogs in space
The study adopted a sampling framework that captured the topographic, bioclimatic and geological heterogeneity within this mountain region. Our sampling design was crucial in determining the geographical range boundaries of sister lineages, a critical variable in the tests and inferences of processes. The southern and central regions of the Western Ghats are characterized by the presence of tall mountains, termed as 'massifs' here, with intervening plateaus and valleys that separate them (figure 4b). Our sampling covered 13 of the 14 massifs and also spanned the entire elevational gradient from sea level to approximately 2650 m in the southern and central Western Ghats (see the electronic supplementary material; see also [31] ).
(b) Phylogenetic reconstruction
For phylogenetic reconstruction, we initially used two model based methods, maximum-likelihood implemented under raxmlGUI [32, 33] and Bayesian as implemented in MRBAYES 3 [34] . For this, we used 64 Raorchestes lineages delimited using multiple criteria from the Western Ghats [31] , three Raorchestes from northeast and southeast Asia, three Pseudophilautus lineages from the Western Ghats and one from Sri Lanka and 14 outgroup taxa (electronic supplementary material, figure S1 ). The final data matrix consisted of up to 2662 bp composed of six genes including 16S, 12S, Cytb, ND1, Tyrosinase and Rhodopsin (electronic supplementary material, tables S3 and S4). For dating the trees, we used lineages from the Western Ghats and other parts of Peninsular and northeast India, and 24 outgroups from the following amphibian families: Rhacophoridae, Mantellidae, Ranidae and Nyctibatrachidae. All dating analyses were carried out using BEAST software [35] under a relaxed clock model with uncorrelated lognormal rates. Because there are no fossils available for calibration, we relied on five secondary calibration points (electronic supplementary material, table S5). For ancestral reconstructions of geographical ranges and elevation (see below), we used dated trees from BEAST (see the electronic supplementary material).
(c) Testing hypothesis of diversification
We made a priori predictions of patterns (phylogenetic, spatial and temporal) based on available studies and information on past-climate, orogeny, geomorphological processes and current (ii) Diversification across massifs
At a local spatial scale within the Western Ghats, we examined the role of the valleys separating the 13 massifs in sister-lineage splits.
The Western Ghats Escarpment is oriented along a north-south axis and most of the massifs occur along the latitudinal gradient (figure 4b). Sister lineages were first compared using latitudinal range overlap. The frequency of lineage-splits across massifs was determined using latitudinal range overlap and species distribution modelling (current and last glacial maximum (LGM)) of sister lineages at the terminal nodes (see the electronic supplementary material). The occurrence of sister lineages at the terminal nodes with zero overlap in latitude, separated by regions outside their bioclimatic envelope in the present and past, was interpreted as evidence for allopatric speciation. At high elevations, the occurrence of sister lineages that overlapped in their predicted distributions owing to reciprocal predictions in both the present and past, but were still absent in the intervening barrier, was also considered as evidence for allopatric speciation.
(e) Testing the role of palaeoclimate (i) Diversification within massifs
Global climatic oscillations have led to the dynamics and persistence of two distinct habitat types, cloud forests and grasslands, in the montane regions of the southern Western Ghats. We hypothesized a scenario (electronic supplementary material, table S1), as envisioned by Haffer [13] in the original refuge model with climate-mediated vicariance (fragmentation) of forest habitats as the driver of diversification. The expectation in this scenario was the presence of sympatric sister lineages and diversification events dating to the Quaternary.
(ii) Diversification across massifs
To determine the significance of Quaternary glaciations on the lineage diversification of allopatric lineages on adjacent mountain massifs, we used the time of divergence. As this inference is dependent on uncertainties associated with divergence time estimates, we also examined patterns of range shift during the LGM as an independent criterion (see the electronic supplementary material). The presence of sister lineages separated by areas outside their bioclimatic envelopes during current bioclimatic conditions and LGM (i.e. lack of range shift) was taken as evidence against recent glaciation events as a causal factor for the allopatric sister-lineage splits.
To test whether the diversification rate has remained constant since the origin of the clade, we used the gamma statistic (see the electronic supplementary material) as well as a likelihood-based approach [38] . For the likelihood analysis, we tested six models of diversification which included two constant rate models of diversification (Yule or PB-pure birth and BD-birth death) and four variable rate models (DDL-diversity-dependent linear, DDX-diversity-dependent exponential, Yule2rate-PB with two rates, Yule3rate-PB with three rates) [38, 39] . All diversification analyses were carried using ape [40] and laser [38] package in R.
(f ) Testing the role of ecological gradients At a local spatial scale within different massifs, we used sisterlineage splits along environmental gradients (elevational and across habitats) to infer a parapatric mode of speciation. At the scale of the clades, we tested for occurrence of transitions along elevational gradients over evolutionary time using ancestral state reconstruction of lineages' elevational zone. Initially, we used the elevational data derived from ASTER DEM using point coordinates (n ¼ 1772, avg./lineage ¼ 27 records, range ¼ 1-139, 83% had more than five records) from the bush frog lineages to identify elevational zonation of bush frog assemblages using cluster analyses (see the electronic supplementary material). Based on their elevational mid-points, lineages were assigned to either one of the six elevation zones identified: 0-400, 401-900, 901-1200, 1201-1800, 1801-2200 and 2201 -2700, or to one of three elevation zones: 0-900, 901-1800, 1801-2700. We used a dated tree with 65 lineages of bush frogs to reconstruct the ancestral elevation zones using a maximum-likelihood method with Mk1 model ('Markov k-state 1 parameter model') implemented in MESQUITE [41] .
Results (a) Clade diversification and dispersal across an ancient barrier
The phylogeny recovered a strongly supported clade consisting of a large radiation of bush frogs in the Western Ghats with a small sub-clade consisting of Southeast Asian lineages nested within the Western Ghats clade suggesting a pattern of in situ diversification followed by range expansion out of Peninsular India (figure 2; electronic supplementary material, figure S1 ). Spatially, strong geographical structure was discerned at the deepest level with two strongly supported sister clades, North and South, divided by the Palghat Gap (figure 2). Initial diversification of the Western Ghats clade into North and South clades dates to 30.03 Ma with the 95% highest posterior density (24.5-35.5) encompassing the Oligocene period (electronic supplementary material, figure S2 ). All the methods reconstructed northern Western Ghats as the ancestral range for members of the North clade and southern Western Ghats as the ancestral range for members of the South clade with a high probability (figure 2; electronic supplementary material, table S2). There was limited dispersal as seen from the exchange of lineages across the Palghat barrier ( figure 2 ). There were six range expansion events of ancestral lineages from the South clade into the northern region (north of Palghat) of which three resulted in ex situ diversification across the barrier (figure 2). In the case of the North clade, there were four range expansion events into the southern Western Ghats, of which three lineages diversified ex situ, with two of these lineages showing breaks at the barrier.
There is a positive trend in correlation (Pearson's r ¼ 0.76, p , 0.05; electronic supplementary material, figure S4 ) between the minimum elevation of lineages and divergence rspb.royalsocietypublishing.org Proc. R. Soc. B 283: 20161011 times across the barrier. Lineages from the South and North clades that expanded their ranges across the barrier, including Raorchestes akroparallagi, R. anili, R. ochlandrae and R. ponmudi, have their elevational ranges extending into mid and lowelevations, and show no signs of divergence across the barrier. By contrast, the high elevation lineages have deeply divergent sisters distributed in the massifs across the barrier.
(b) Lineage diversification across massifs
We used a region-wide spatially explicit sampling strategy, incorporating geographical and environmental heterogeneity, designed to capture potential allopatric and parapatric lineages. With this dataset, we were able to confidently identify 19 pairs of sister lineages at the terminal nodes from a Bayesian time tree. For this analyses, we also identified eight additional lineages from the internal nodes along with their sister clades to test our predictions. Spatially, range overlap assessment of 19 sister-lineages based on three independent methods: (i) latitudinal range overlap, (ii) species distribution models based on current climatic variables, and (iii) species distributions based on the LGM, showed that a majority (89%, n ¼ 17) of the current sister lineages showed no overlap in occurrence and could have been derived from an allopatric mode of divergence owing to geographical isolation ( figure 3) . For a majority of the allopatric lineages in this clade, the geographical breaks across valleys were maintained at the LGM (electronic supplementary material, figure S3 ). Inclusion of eight internal node lineages did not change the dominance of the allopatric mode, but an increase in parapatric distribution was seen (figure 3). Distribution patterns showed that all the allopatric splits reported here occurred across massifs and in most cases, sister lineages occur at a similar elevation with a strong overlap in the elevation range (electronic supplementary material, table S7). The constant rate model of diversification for the bush frog clade was rejected (g ¼22.89, p ¼ 0.004). The variable rate model (Yule3rate) was found to be a better fit (electronic supplementary material, table S8) with acceleration in lineage diversification during the Pliocene (between 2.325 and 2.317 Ma) (electronic supplementary material, figure S5 ).
(c) Clade and lineage diversification along elevational gradients
Ancestral reconstructions, using six states, strongly support (0.99) a high elevation origin (1200-1800 m) for bush frogs in the Western Ghats ( figure 4 ). This zone also acts as the centre of lineage diversification. Temporal patterns suggest multiple 
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(d) Lineage diversification within massifs
Spatially, multiple independent small in situ diversifications could be discerned within massifs in the Western Ghats. These include two clades consisting of sister lineages (D1, L1a, figure 4 ) with distributions centred in the montane zones (more than 1800 m) of two different massifs, Anaimalai and Nilgiri (figure 4b). Another clade composed of four lineages (clade H, figure 4) showed in situ diversification with all the lineages currently restricted to the Agasthyamalai massif (figure 4b). In the case of sympatric sister lineages from the Nilgiri massif, morphological separation between the sister lineages in L1a indicates potential habitat differences between the two [31] . The sister lineages from the Anaimalai massif, Raorchestes beddomii and Raorchestes theurkaufi, also show differences, with the former occurring in open canopy habitats including forest edges and the latter restricted to forests. These sister lineages from the Anaimalai massif are part of a larger clade (D) (figure 4a) consisting of six lineages, Raorchestes resplendens, Raorchestes munnarensis, Raorchestes aff. munnarensis, Raorchestes dubois, Raorchestes beddomii and Raorchestes theuerkaufi. Barring a recently diverged allopatric lineage, R. aff. munnarensis, all the other lineages exhibit broad scale sympatry within this massif with differences in their habitat associations. The dates suggest a Late Miocene-Pliocene diversification of lineages within this clade.
Discussion
Tropical mountains, a prominent feature of many global diversity hotspots, are increasingly being recognized as centres of diversification [7] . Using a large radiation of bush frogs from the Western Ghats Escarpment, a tropical biodiversity hotspot, we tested the relative roles of Quaternary glaciations, ecological gradients and geological processes on clade diversification (figure 1). We found evidence for all three processes, suggesting that the relative significance of the processes that have led to diversification in this clade varies both over time and space.
(a) Clade diversification and dispersal across an ancient barrier
This large and relatively young radiation shows strong geographical structure with two independent in situ radiations on either side of the Palghat Gap, a prominent break in the Western Ghats Escarpment (figures 2 and 4b) [42] . This adds to a growing recognition that this valley may serve as a barrier in lineage splits [20] and demonstrates, for the first time to our knowledge, its biogeographic significance in influencing macro-evolutionary patterns. The gap has, however, acted as an intermittently porous barrier, allowing exchange of lineages. The exchange and diversification of lineages from high elevation zones across the barrier during the Miocene suggests that the Palghat Gap was not as deep (relative to the surrounding mountains) during this period. The origin of the Palghat Gap remains controversial but the positive relationship between the elevation of the sister lineages and their divergence time lends support for a gradual formation of the Palghat Gap through erosion [42] .
(b) Sisters on adjacent massifs: quaternary glaciations versus Earth's processes
A majority of the sister lineages of bush frogs are geographically isolated on the massifs and in most cases, their ranges lie on adjacent massifs separated by either a valley or plateau. The predominance of allopatric lineages on massifs separated by barriers supports a model of either geological process related vicariance or climate-mediated dispersal-vicariance, or a combination of the two, as the driver of isolation in bush frogs. An examination of temporal patterns, including all the allopatric lineages, shows acceleration in lineage splits spanning the Pleistocene and Pliocene Epochs. Around 60% of the allopatric splits span the Quaternary time period (less than 2.6 Ma) and suggest a possible link with Quaternary climate-mediated isolation of the ancestral populations leading to recent lineages. The temperature during the LGM was 58-108C cooler than the present, and studies from other tropical southeast Asian regions indicate a clear depression of forest limits [43] , indicating a potential scenario of dispersal-vicariance in the Western Ghats. However, our results from distribution models of the LGM (electronic supplementary material, figure S3 ) suggest the absence of range shifts into the intervening barriers. These independent results run counter to the expectations of the climate-mediated dispersal-vicariance model. The Charnockite massifs of the Western Ghats Escarpment (figure 4b) are unique in being the oldest surviving remnants of Gondwana [44] . Owing to their lack of permeability to water, these massifs have reached their present height despite erosion [45] , which also led to the evolution of the valleys separating the massifs. Much of the erosion on the Western Ghats Escarpment is inferred to have occurred post-Oligocene, in the Neogene [46] . Recent research on sedimentary deposits suggests an acceleration in the sedimentation rate in the Konkan-Kerala basin during the Pliocene [47] . While past studies have largely invoked glaciations as a possible cause for geographical (c) Diversification along elevational gradients: role of uplift
Mountain uplift could result in the availability of new habitats allowing lineages to spread to these novel zones, promoting diversification [48] . The distribution pattern consists of lowto-medium elevation (less than 900 m) widespread lineages with their sister clades comprising multiple divergent allopatric lineages in the high elevations (900-1800 m) ( figure 5a,b) . A similar pattern of clade diversification has been shown as evidence for lowland and highland vicariance owing to the uplift of the Andes [11] . By contrast, species are believed to have dispersed to new habitats following uplift and isolation on different mountaintops owing to climatic cycles [49] .
We infer that the ecological gradient created because of the Neogene uplift [44] could have acted as a potential driver of initial lineage divergence in these sub-clades. The sister lineages in the lowlands have persisted without further opportunities for speciation, while the high elevation ancestral lineages have diversified into multiple allopatric lineages owing to geographical isolation (figure 5). The persistence of a historical rainforest refugium in the southern Western Ghats [50] could have played a significant role in promoting persistence, reducing extinction, and range expansion of these lineages at low and medium elevations. forest-grassland dynamics associated with glacial and interglacial periods within these massifs [14] . However, the older ages of these sister lineages (e.g. clade D, Late MiocenePliocene) and broad level habitat differences and elevation shifts within the clade suggest a more complex scenario than a simple palaeoclimate based refuge model. The observed patterns suggest that the long-term persistence of two habitats, forests and grasslands, have probably influenced in situ diversification within these massifs.
In conclusion, our results provide evidence for the in situ diversification of bush frogs and bring to light the largest vertebrate radiation in Peninsular India. Explicit tests of different hypotheses allow us demonstrate that different processes (geology, ecology and climate) have all played a role in the diversification of this clade, but act at different time periods and vary across space. The study highlights the evolutionary significance of massifs in the Western Ghats biodiversity hotspot with high elevations acting as centres of diversification and low-and mid-elevation regions of the southern Western Ghats serving as evolutionary museums. Figure 5 . Congruence in diversification along elevational gradients (C and G in figure 4a ). Both clades are characterized by a low-mid elevation widely distributed lineage, which is sister to a clade composed of high elevation allopatric lineages.
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